Weinstein AM. A mathematical model of rat proximal tubule and loop of Henle. Am J Physiol Renal Physiol 308: F1076 -F1097, 2015. First published February 18, 2015 doi:10.1152/ajprenal.00504.2014.-Proximal tubule and loop of Henle function are coupled, with proximal transport determining loop fluid composition, and loop transport modulating glomerular filtration via tubuloglomerular feedback (TGF). To examine this interaction, we begin with published models of the superficial rat proximal convoluted tubule (PCT; including flow-dependent transport in a compliant tubule), and the rat thick ascending Henle limb (AHL). Transport parameters for this PCT are scaled down to represent the proximal straight tubule (PST), which is connected to the thick AHL via a short descending limb. Transport parameters for superficial PCT and PST are scaled up for a juxtamedullary nephron, and connected to AHL via outer and inner medullary descending limbs, and inner medullary thin AHL. Medullary interstitial solute concentrations are specified. End-AHL hydrostatic pressure is determined by distal nephron flow resistance, and the TGF signal is represented as a linear function of end-AHL cytosolic Cl concentration. These two distal conditions required iterative solution of the model. Model calculations capture inner medullary countercurrent flux of urea, and also suggest the presence of an outer medullary countercurrent flux of ammonia, with reabsorption in AHL and secretion in PST. For a realistically strong TGF signal, there is the expected homeostatic impact on distal flows, and in addition, a homeostatic effect on proximal tubule pressure. The model glycosuria threshold is compatible with rat data, and predicted glucose excretion with selective 1Na ϩ :1glucose cotransporter (SGLT2) inhibition comports with observations in the mouse. Model calculations suggest that enhanced proximal tubule Na ϩ reabsorption during hyperglycemia is sufficient to activate TGF and contribute to diabetic hyperfiltration. glomerulotubular balance; tubuloglomerular feedback; ammonia; glucose; glomerular hyperfiltration REGULATION OF PROXIMAL TUBULE transport depends upon local signals (physical and hormonal), which can be examined in isolated tubule segments, feedback from more distal tubule segments, and the impact of the peritubular environment. At the local level, glomerulotubular balance (GTB) denotes the classic micropuncture observation that proximal reabsorption varies proportionally with changes in the single-nephron glomerular filtration rate (SNGFR). This observation has been rationalized as the effect of microvillous drag on the actin cytoskeleton, and ultimately on the membrane transporters (17, 20) . To the extent that proximal tubule transport is modulated by luminal flow velocity, both SNGFR and luminal hydrostatic pressure impact reabsorptive fluxes. The effect of SNGFR on tubule fluid velocity is clear; the effect of pressure relies on the fact that axial velocity is the ratio of volume flow to luminal cross section, so to the extent that the proximal tubule is compliant (15), tubule distention lowers the velocity, and thus decreases microvillous drag. The distal signal is tubuloglomerular feedback (TGF), which modulates SNGFR in such a manner to stabilize distal NaCl delivery (64, 68) . From this perspective, a comprehensive representation of the proximal tubule must include information from distal conditions: luminal NaCl concentration near the macula densa to adjust SNGFR, as well as distal hydrostatic pressure, determined from resistance to flow along the full nephron. Estimation of these distal concentrations and pressures requires that the scope of the model include transport within the tubule segments that constitute the loop of Henle (LOH).
REGULATION OF PROXIMAL TUBULE transport depends upon local signals (physical and hormonal), which can be examined in isolated tubule segments, feedback from more distal tubule segments, and the impact of the peritubular environment. At the local level, glomerulotubular balance (GTB) denotes the classic micropuncture observation that proximal reabsorption varies proportionally with changes in the single-nephron glomerular filtration rate (SNGFR). This observation has been rationalized as the effect of microvillous drag on the actin cytoskeleton, and ultimately on the membrane transporters (17, 20) . To the extent that proximal tubule transport is modulated by luminal flow velocity, both SNGFR and luminal hydrostatic pressure impact reabsorptive fluxes. The effect of SNGFR on tubule fluid velocity is clear; the effect of pressure relies on the fact that axial velocity is the ratio of volume flow to luminal cross section, so to the extent that the proximal tubule is compliant (15) , tubule distention lowers the velocity, and thus decreases microvillous drag. The distal signal is tubuloglomerular feedback (TGF), which modulates SNGFR in such a manner to stabilize distal NaCl delivery (64, 68) . From this perspective, a comprehensive representation of the proximal tubule must include information from distal conditions: luminal NaCl concentration near the macula densa to adjust SNGFR, as well as distal hydrostatic pressure, determined from resistance to flow along the full nephron. Estimation of these distal concentrations and pressures requires that the scope of the model include transport within the tubule segments that constitute the loop of Henle (LOH).
To date, mathematical models of proximal tubular function have been restricted to the proximal convoluted tubule. The most sophisticated has included multiple electrolytes, with flow-dependent transport in the proximal convoluted tubule (88) , but with no distal feedback. There has been extensive development of renal medullary models, largely in the service of understanding the renal concentrating mechanism, and representing both superficial and juxatmedullary nephrons (41, 42, 71, 89) . Typically, these models have just two nonelectrolyte solutes (NaCl and urea) and pay scant attention to transport in the cortex, or to TGF; they also omit hydrostatic pressure as a model variable. One notable exception is the recent work of Moss and coworkers (53, 54) , who have fashioned multinephron models focused on regulation of NaCl excretion, which has included a TGF signal from end-ascending Henle limb (AHL) lumen to afferent arteriolar resistance. There has been intense study of TGF in the steady-state regulation of SNGFR (51) , and also in its capacity to affect the dynamics of tubule flow and pressure by introducing oscillatory behavior (43) . The steady-state analysis underscored the complexity of relating experimental open-loop dependence of glomerular filtration pressure on distal flow, with the efficiency of autoregulation in a closed-loop configuration. TGF analysis has not been done in electrolyte models or in models in which hydrostatic pressure can modulate proximal tubule transport. Finally, with respect to mathematical models of AHL or the distal nephron, the input concentrations and flows to these segments, especially in the case of juxtamedullary nephrons, have not relied on predicted behavior of the proximal tubule and thin limbs.
The present work begins with a model of the rat superficial proximal convoluted tubule (SFPCT) (88) , and then scales membrane transporter density up by a factor of two to represent cells of juxtamedullary PCT (JMPCT); paracellular permeabilities of JMPCT are adjusted to reflect measured permeability differences in these two segments. The proximal straight tubules, SFPST and JMPST, are derived from these two models by first scaling cell transporters down by a factor of three, and then replacing the 1Na ϩ :1glucose cotransporter (SGLT2) of PCT by a 2Na
ϩ :1glucose cotransporter (SGLT1) for PST; paracellular permeabilities are adjusted to accommodate measured tubule permeabilities. For the superficial nephron, there is only one thin outer medullary descending limb (sDHL), while the juxtamedullary nephron has three thin segments: outer and inner medullary descending thin limbs (lDHLu and lDHLl), and an inner medullary ascending thin limb (tAHL). For all of these thin limbs, there is little information on individual cell membrane resistances or cytosolic composition, so transport across these segments is defined by transcellular and paracellular permeabilities, without solving for solute concentrations within a cytosolic compartment. Finally, the thick ascending Henle limbs of outer medulla and cortex (AHLm and AHLc) are those that have been previously published (86) . Concatenating these segmental models provides a single superficial nephron and five juxtamedullary nephrons of variable length. Initial flow to these nephrons is defined by a TGF equation, and initial tubule pressure is required to be compatible with a lumped distal flow resistance. The model nephrons are used to illustrate the impact of TGF on proximal conditions, for varying GFR and proximal tubule transport rates. It will be shown that that TGF not only stabilizes distal delivery, but is also homeostatic for proximal tubule hydrostatic pressure. The model will also be used to examine glucose transport, both with hyperglycemia and with SGLT2 inhibition.
MODEL FORMULATION
Modeling renal medullary function requires two nephron populations: those with superficial (SF) cortical glomeruli, whose short loops of Henle turn at the outer-inner medullary border (about 2 ⁄3 of rat nephrons), and those with juxtamedullary (JM) glomeruli, whose long loops of Henle penetrate the inner medulla to a variable extent. A representation of SF and JM nephrons is shown in Fig. 1A . In the rat, the filtration rate of juxtamedullary glomeruli has been estimated at 1.5-2 times that of superficial glomeruli (21, 25, 34, 56) . Thus one needs two PCT segments, SFPCT and JMPCT, plus two PST, SFPST and JMPST. The published model proximal tubule of this project most closely represents rat SFPCT (88) . In the rabbit, SFPCT and JMPCT lengths are comparable, about 9 mm, as in the rat (4) . In the absence of relevant rat tubule data, perfused tubule studies from the rabbit are used to guide parameter selection for the other segments: the relative magnitude of juxtamedullary-to-superficial Na ϩ fluxes is from 1.2-(31) to 2-fold (36) larger; the relative magnitude of HCO 3 Ϫ fluxes is 2-fold larger (32) . Comparison of SFPST and JMPST with respect to Na ϩ fluxes suggests that they are comparable, but that PCT fluxes are two-to fourfold greater (6, 37) , with a similar proportionality for HCO 3 Ϫ fluxes (81) . Comparing SF-PCT and SFPST, fluxes of glucose may be sixfold greater (5) , and of phosphate threefold (58) . Comparison of tubule permeabilities indicates that JMPCT (8, 9, 14, 33) and JMPST (27, 37, 81, 82) are more cation selective than the superficial proximal tubule segments. Comparison of permeabilities of K ϩ (90) and of Cl Ϫ (82) between rabbit JMPST and SFPST suggest that the increase in cation selectivity derives from an absolute increase in juxtamedullary nephron cation permeability, with little change in anion permeability.
Based on these considerations, PCT and PST permeabilities for this work have been selected and are summarized in Table 1 . The 15 model solutes are those used previously, so as to be able to simulate the important components of acid/base transport (88) . The first section of the table contains luminal parameters related to flow-dependent transport and carbonic anhydrase activity; the second section displays tight junction reflection coefficients and solute permeabilities; and the third section contains the (area-adjusted) cell membrane permeabilities and the coefficients for coupled transporters, pumps, and ammoniagenesis. The coefficients for SFPCT tight junctions and cells are those used previously. For tight junctions of SFPST, SFPCT properties were carried over unchanged. For tight junctions of JMPCT, the SFPCT anion permeabilities were reduced by a factor of 0.5; for tight junctions of JMPST, the SFPCT cation permeabilities were increased by a factor of 2. For the JMPCT cell membranes, all permeabilities and transporter density coefficients were increased by a factor of 2, to be commensurate with the proportional increase in jux- :glucose stoichiometry, the PST transporter, SGLT1, has a 2:1 Na ϩ : glucose ratio (24, 76, 77) . The functional representation in the models follows the formalism of linear nonequilibrium thermodynamics:
where J Na and J G represent Na ϩ and glucose fluxes, ⌬ Na and ⌬ G are electrochemical potentials, and L NaG are density coefficients. The formula on the left has been used in prior models for fluxes through SGLT2, and now the formula on the right will be used in the PST segments for fluxes through SGLT1. In JMPCT, there is assumed to be full carbonic anhydrase (CA) activity within the tubule lumen, as in SFPCT. For PST segments, luminal membrane CA staining is less than for PCT, while cellular staining is still dense (46) . Accordingly, CA catalysis coefficients are taken to be 1% of their PCT values within the lumen, and equal to PCT values within the cell (Table 1) . Flow dependence of transport in SFPCT had been assumed proportional to the torque on brush border microvilli, which, in turn, was proportional to axial flow velocity, F vM /A M , in which F vM is luminal volume flow and A M is luminal cross-section (88) . The formula for microvillous torque, T M , was
in which is fluid viscosity, R M is tubule radius, L MV is micrvillous length (2.5 m), and ␦ MV (0.15 m) is the depth of the microvillous tip region in which the fluid flow is dissipated.
The tubule radius had been computed according to a linear compliance relation, using a reference radius, R M0 , and a compliance coefficient, M ,
In the current model, with the potential for swings in luminal pressure, the calculations have been facilitated by changing this linear relation to a hyperbolic tangent,
In the SFPCT, flow-dependent transport was represented by scaling all luminal and peritubular membrane transporter densities by the microvillous torque, T M ,
in which T S is the torque scaling factor and T M0 is a reference torque. In the current model, flow-dependent transport in JMPCT has been assumed identical to its representation in SFPCT. The coefficients for flow dependence in both PCT segments are displayed in Table 1 . In both PST segments, this model has no flow dependence of transporter density. Although microvillous geometry for rat PST does not appear different from PCT (50) , there has never been flow-dependent transport demonstrated in PST.
The most complete picture of the thin Henle limbs derives from hamster studies, which suggest distinguishing four such tubules: a descending limb from short-loop nephrons (sDHL), an outer medullary segment of long-loop DHL (lDHLu), an inner medullary segment of long-loop DHL (lDHLl), and thin ascending limb (tAHL). Hamster descending limbs have substantial water permeability (28, 29, 30) , comparable to rat lDHL (26) . It must be acknowledged, however, that recent examination of rat lDHLl has failed to detect significant water permeability (or even aquaporin-1 channels) within a substantial fraction of the distal portion of this segment (55) . With respect to Na ϩ permeability, sDHL and lDHLl are comparable, while lDHLu is fivefold higher and cation selective (27, 39) . Thus while the sDHL Cl Ϫ :Na ϩ permeability ratio is slightly larger than 1.0, that for lDHLu is small (27, 29, 39) . The K ϩ :Na ϩ permeability ratios are comparable in both segments (27, 39) . With respect to tAHL, water permeability is negligible (26) . The Na ϩ permeabilities are high and comparable in both the rat (26) and hamster (29) . As in descending limbs, K ϩ permeability is slightly higher than that for Na ϩ (26, 27) . In contrast to lDHLu, tAHL Cl Ϫ permeability is more than two fold greater than that of Na ϩ (26, 29) , while HCO 3 Ϫ permeability is only slightly less than that of Na ϩ . Thin limbs do not transport solute actively, and there is scant information to distinguish cellular and paracellular pathways, so that models of thin limb function are restricted to passive permeabilities. Figure 1B 
With these apparent source terms, mass conservation for the nonreacting species is
and conservation of the phosphate and ammonia buffer pairs is
For the phosphate and ammonia buffer pairs, the second equation expresses pH equilibrium
Corresponding to the rapid protonation of HCO 3 Ϫ and slower CO 2 hydration
are the equations for the rate-limiting step of the reaction, and conservation of total CO 2 
To determine transepithelial electrical potential, there is an equation for overall electroneutrality
For a luminal solution, which starts at electroneutrality, an open-circuit condition (zero net transepithelial current) maintains that electroneutrality along the tubule.
The change in luminal hydrostatic pressure is determined by Poiseuille flow.
For the thin limb models, initial conditions (solute concentrations, pressure, and volume flow) are provided by the terminal conditions of their immediate antecedent segments. In the case of sDHL and lDHLu, the proximal tubule models have additional solutes, formate and glucose, which are not represented explicitly in the thin limbs and beyond. To provide for the transition from proximal tubule to thin limbs, luminal glucose is carried forward as an electroneutral luminal impermeant, and the small amount of residual luminal formate is added to the entering sDHL or lDHLu luminal Cl Ϫ concentration (so that luminal electroneutrality is not lost). The fluxes for volume, J v , and solute i, J(i), across paracellular and transcellular pathways are represented by Eqs. 20 -22 for passive fluxes. In the thin limbs, there is no representation of coupled transport or of metabolically driven solute flux.
In Eqs. 20 -22 , p ␣ and ␣ (mmHg) refer to hydrostatic and oncotic pressures in compartment ␣; C ␣ and C ␣␤ are the solute concentration (mM) in compartment ␣ or the mean solute concentration across membrane ␣␤; and ␣ is the membrane potential (mV) in compartment ␣, relative to the peritubular compartment. Values for thin limb water permeabilities, L p␣␤ , reflection coefficients, ␣␤ , and solute permeabilities, h ␣␤ , are shown in Table 2 . For sDHL and the two lDHL segments, water permeabilities of paracellular and cellular pathways were divided equally, as in the proximal tubule; tAHL is water impermeable. sDHL and lDHLu water permeabilities were comparable to SFPST, while lDHLl was 25% lower, as had been taken by Taniguchi et al. (73) . In this model, total sDHL water permeability (0.22 cm/s) is comparable to what has been measured in hamster sDHL (0.27 cm/s), by Imai et al. (29) . The case of substantially lower lDHLl water permeability (55) is considered in the discussion. Choice of tight junction reflection coefficients was guided by measured values in hamster for NaCl [ ϭ 0.83 (28) ], KCl [ ϭ 0.80 (72) ], and urea [ ϭ 0.95 (28) ]. With equal water permeabilities for TJ and cell, overall reflection coefficients will be the average for the two pathways, and so TJ coefficients were selected based on the assumption that cellular reflection coefficients were all 1.0. In sDHL, lDHLu, and lDHLl, the measured epithelial ionic permeabilities were all referred to the tight junction; sDHL and lDHLl permeability coefficients were set equal, while lDHLu cation permeabilities were increased and anion permeabilities reduced. The tAHL, tight junction ionic permeabilities are increased fourfold over the values of lDHLu (29, 39) , and a cellular Cl Ϫ conductance has been introduced (47) . Urea permeabilities in the outer medulla, sDHL and lDHLu, were taken equal to the measurement in hamster lDHLu (29) , split between TJ and cellular pathways. Inner medullary structures have higher urea permeability, 4-fold greater in lDHLl and 10-fold greater in tAHL. In this model, tAHL urea permeability (2.0 ϫ 10 Ϫ4 cm/s) is comparable to that measured in the rat (2.3 ϫ 10 Ϫ4 cm/s) by Imai (26) . In outer medullary thin limb segments, luminal membrane CA staining is present, but less than for PCT, while inner medullary CA is absent (46). (Table 2) .
TGF refers to the signal from cells of or near the macula densa (MD) at the AHL-DCT junction, to the originating glomerulus of that nephron, so as to stabilize distal nephron NaCl delivery by modulating SNGFR (64, 66, 68) . Viewed as a function of end-AHL NaCl concentration, SNGFR decreases from a maximum plateau at low NaCl to a minimum at high NaCl, with an excursion of Ϯ50% from the operating point; in models, this feedback has been represented as a hyperbolic tangent (10, 43, 44) . The target of the signal is afferent arteriolar resistance (12, 13) . The signal itself depends upon entry of NaCl into cells via the luminal membrane Na-K-Cl cotransporter (NKCC) (40, 62, 65, 67) . MD cells are different from AHL cells, although cytosolic Cl Ϫ in both cell populations varies in parallel (7, 57) . Both cell types may be involved in TGF (38) , and the TGF signal has been related quantitatively to NaCl transport (60) . In this region of the nephron, cytosolic Cl Ϫ has been identified as a regulatory signal: within AHL, it modulates kinases regulating NKCC2 activity (59) , and in DCT, Cl Ϫ sensing by WNK kinases is critical to mediating the effect of systemic K ϩ on NCC activity (74) . To capture this physiology in the absence of a full glomerular model, SNGFR is represented as a linear function of end-AHL cytosolic Cl Ϫ concentration. The curves of Fig. 2 are determined from the tubule model of medullary and cortical AHL segments (86) to display luminal and cytosolic Cl Ϫ concentration as a function of AHL flow rate. In this model, AHLm and AHLc are identical for both superficial and juxtamedullary nephrons (each 2 mm in length), although the entering fluid at the outer-inner medullary junction will be different (in composition and flow rate) for each class of loop and loop length. It is apparent that the cytosolic concentration (rather than the luminal concentration) imparts more of the observed sigmoidal character of the TGF signal. The equation used to represent TGF for both SFPCT and JMPCT is of the form (23) In this equation F v0 is a specified set point for SNGFR and ⌬F v determines the fractional excursion around this point, as cytosolic Cl Ϫ varies above or below a reference concentration The model is completed by specifying an equation for tubule hydrostatic pressure at the end of the cortical AHL, x ϭ L. The equation is that of a lumped distal resistance, ⍀ DN , relating AHL pressure to distal flow:
In the model calculations, ⍀ DN ϭ 0.12 and 0.10 mmHg/(pl/s) for SFPCT and JMPCT, respectively, so that for a baseline distal delivery of about 6 nl/min, end-AHL pressure is about 10 mmHg. One advantage of this formulation over a prespecified end-AHL pressure is that it ensures end-AHL pressure will be sensitive to distal volume delivery. Both Eqs. 23 and 24 are global in the sense that they can only be verified after numerical integration of all of the concatenated tubule segments. In practice, a guess is made for initial PCT flow and pressure, SNGFR ϭ F v (0) and p M (0), and the concatenated tubules are integrated as an initial value problem. This yields error terms given by Eqs. 23 and 24. Perturbation of the initial guesses, and reintegration of the concatenated tubules, provides the Jacobian of the errors with respect to the initial guesses. This Jacobian is used to update the guesses, and then the process is repeated to reduce the magnitude of the errors. Table 3 contains peritubular solute concentrations at critical points along the nephron. The medullary concentrations are those used previously in the distal nephron model (87) . The first and second columns, for PCT and PST, show solute concentrations of glomerular filtrate and cortical blood bathing 
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AHLm entering flow (nl/min) Within the inner medulla, peritubular Na ϩ is constant, but K ϩ doubles to 20 mM; urea increases to 500 mM; and ammonia increases to about 10 mM. The end point of tAHL is the initial AHLm, and OIMJ values there are identical to those of lDHLl. With respect to peritubular conditions, the initial point of AHLc (CMJ-2) is different from the initial point of PST (CMJ-1), and the end point of AHLc (Cortex-2) is also different from the PCT (Cortex-1) in the concentration of ammonia. In the absence of higher peritubular ammonia bathing AHL, it was found that ammonia delivery to DCT was unrealistically low (86) . This higher ammonia concentration was rationalized as a possible effect of regionalization within the cortical labyrinth. Finally, solute concentrations at the initial point of sDHL and lDHLu (the border between the outer stripe-inner stripe of the outer medulla; OM-OIS) were set at the average of OIMJ and CMJ-2, thus enhancing ammonia secretion within the outer medulla.
Figures 3 and 4 display the model solution for the longest of the juxtamedullary nephrons, for which the lDHLl descends the full inner medullary depth of 5 mm. The figures show predicted solute concentrations (left panes) and solute flows (right panes) as a function of distance, with segmental starting points: x ϭ 0.0-cm JMPCT, x ϭ 0.9 JMPST, x ϭ 1.0 lDHLu, x ϭ 1.1 lDHLl, x ϭ 1.6 tAHL, x ϭ 2.1 AHLm, and x ϭ 2.3 AHLc. Corresponding segmental summaries of solute delivery and reabsorption are in Table 4 . The top left pane of Fig. 3 shows transepithelial PD along the nephron, with abrupt jumps corresponding to changing segmental properties. For this nephron, most of the potentials are close to zero: the early negative PCT PD corresponds to glucose reabsorption; medullary jumps are diffusion potentials; and the positive AHL PD derives from the luminal K ϩ channel. Along all segments, there is reabsorption (or negligible flux) of volume, Na Table 4 , net acid delivery to DCT is negligible, relative to the net acid excretion for a rat of about 1 mol·min Ϫ1 ·kidney Ϫ1 (see Table 4 ϩ , all nephrons reabsorb Ͼ90% of the filtered load, so that final urine K ϩ will be contingent on adequate K ϩ secretion in the aldosterone-sensitive distal nephron. For urea, the superficial nephron delivers about 47% of the filtered load, while the three JM nephrons deliver 134, 148, and 102% of their respective filtered loads. This suggests that while increasing IM depth of the thin limb enhances urea secretion into the loop, the more sluggish tAHL flow with increasing depth yields more complete equilibration with the medullary interstitial urea concentration, and thus ultimately decreases distal urea delivery. Put simply, the two competing processes, DHL urea loading and tAHL urea unloading, both increase with longer JM loop length; this makes it possible that the JM length which maximizes IM urea washout may not be the longest of the loops. With respect to ammonia, the general pattern is modest reabsorption or secretion in PCT (ranging from reabsorption of 33% in SFPCT to 17% secretion in the JMPCT with the highest SNGFR), and this is followed by brisk secretion in PST (ranging from 1 to 2 times the filtered load of ammonia). Despite the abundance of secreted ammonia, only about onethird of filtered ammonia appears in the fluid delivered to DCT. The bulk of the secreted ammonia is reabsorbed in the cortical AHL of both superficial and juxtamedullary nephrons. This suggests a transport configuration capable of countercurrent exchange for ammonia within the renal medulla, as had been proposed by Good and Knepper (19) . Such exchange would serve to augment the relatively meager quantity of K ϩ available for catalyzing Na ϩ reabsorption via NKCC. ever, at this time there is no information which could reliably guide such specification at that level of detail.] In the panes on the left in Fig. 5 , TGF is operative; on the right, TGF has been turned off by setting ⌬F v ϭ 0 in Eq. 23. The top panes show SNGFR and end-SFPCT fluid flow; the second-tier panes plot fractional proximal reabsorption. As proximal transport is scaled up, distal delivery falls: in the presence of TGF there is an increase in SNGFR that buttresses end-proximal flow; in the absence of TGF, proximal transport cannot be scaled up by Ͼ60% before the model calculation fails due to inadequate distal flow. The hydrostatic pressure at the SFPCT inlet is shown in the third tier of panes, and basically as end-proximal flow decreases luminal pressure also decreases. Comparison of TGF and no-TGF demonstrates that TGF is homeostatic for tubule pressure. At the lowest reabsorption rate (in which end-proximal flow is nearly identical to SNGFR), luminal pressure increases from a baseline of 15 to 22 mmHg with TGF, and from 13 to 31 mmHg in its absence. The bottom panes display luminal flow velocity at the tubule inlet (axial flow divided by tubule area), and this is the relevant quantity that modulates GTB. Even in the absence of TGF, with a constant SNGFR, there is still variation in axial velocity due to tubule compliance and changing cross section with changing pressure. To the extent that flow velocity increases with decreasing luminal diameter, decreasing luminal pressure will increase proximal reabsorption. Thus, in states of low distal flow, tubule compliance acts at cross purposes from the action of TGF to enhance distal delivery. This apparent maladaptive aspect of GTB will be considered below in the context of distal obstruction.
Varying the set point, F v0 , is undertaken to assess the impact of TGF in situations in which there are changes in renal blood flow and glomerular filtration. Figure 6 uses the longest juxtamedullary nephron, and an input range of F v0 from 41 to 112 nl/min. Over these values for F v0 , the actual SNGFR varies from 64 to 90 nl/min, so that TGF effectively reduces what would have been a range of 71 nl/min to a range of 26 nl/min. The predicted SNGFR is the abscissa for each of the panes. The bottom left pane plots the magnitude of the TGF correction (SNGFR Ϫ F v0 ) as a function of SNGFR. The top two panes display fluid flows at the end-PCT and end-AHL, and hydrostatic pressure in PCT and at the macula densa. With the increase in SNGFR, there is an approximate threefold increase in end-AHL flow, from 3.2 to 9.5 nl/min. The middle panes show the variation in end-luminal Cl Ϫ , from 31 to 114 mM, and in cytosolic Cl Ϫ , from 9.8 to 26 mM, so that the fractional changes in cytosolic Cl Ϫ may be slightly more faithful (than luminal Cl Ϫ ) in tracking fractional changes in AHL fluid flow. In the bottom right pane, one sees fractional proximal reabsorption varying from 71 to 54% with the increase in SNGFR, so that GTB seems relatively weak. If there were no GTB, and thus constant absolute proximal reabsorption, the 46 nl/min (71% of SNGFR), which was reabsorbed when SNGFR was 64 nl/min, would correspond to a fractional proximal reabsorption of 51% when SNGFR increased to 90 nl/min. This limited preservation of fractional proximal reabsorption is less than what was found in the isolated tubule simulation (88) . This difference may be due in part to the impact of increasing luminal hydrostatic pressure, which distends the tubule and thus blunts the change in flow velocity as SNGFR increases. This is another example of a maladaptive impact of tubule compliance.
For the simulation of Fig. 6 , Fig. 7 displays medullary handling of urea. The abscissa is the filtered load of urea (5 mM multiplied by SNGFR). The top pane shows that with increasing SNGFR, there is a proportional increase in urea entry into JMPST, while urea delivery to the distal nephron increases more dramatically. In the bottom pane, both lDHLl urea secretion and tAHL urea reabsorption are plotted. At the slowest flows, there is near perfect countercurrent exchange, with both secretion and reabsorption nearly 10 times greater than PST urea delivery. As flow increases, the increment in tAHL urea reabsorption does not keep pace with the increment in lDHLl urea secretion, so that one would predict medullary washout. This observation highlights the powerful effect of flow on the efficiency of countercurrent exchange, an important conclusion from Stephenson's analysis (70) . The increase in urea excretion with increases in urine flow is a classic observation (63) .
A direct examination of tubular pressure is taken up in the calculations of Fig. 8 , which uses the superficial nephron, and which displays the model tableau of Fig. 6 as distal outlet resistance, ⍀ DN , is varied from 0.05 to 0.30 mmHg/(pl/s). This serves as a sensitivity analysis for the selection of ⍀ DN , and the most straightforward impact of the increase in resistance is that luminal pressures go up all along the nephron (top right pane). As a consequence of the increase in SFPCT pressure, there is tubule distention, and thus a fall in fractional proximal reabsorption (bottom right pane). This is manifest in the increase in end-PT flow and end-AHL flow (top left) and yields the increase in luminal and cytosolic Cl Ϫ at the end-AHL (middle panes). Finally, with this increase in cytosolic Cl Ϫ , there is activation of TGF, so that the difference SNGFR Ϫ F v0 , plotted in the bottom left, progressively declines. Thus the impact of TGF is to blunt what would have been even greater distal delivery, and even greater hydrostatic pressure along the nephron. Returning to the top right pane, the impact of tubular resistance augments luminal pressure in a greater than linear fashion, by virtue of the compliance properties of the proximal tubule. While this had been considered a maladaptive aspect of GTB in the context of scaling proximal tubule transport, it could well be useful in circumstances in which luminal flow resistance is acutely increased by cellular debris or mineral precipitation within the lumen.
Glucose transport by the model nephron is examined in Fig. 9 , which utilizes the superficial nephron model, wherein ambient glucose (filtered and peritubular) is varied from 5 to 65 mM. In the panes on the left, TGF is operative; on the right, TGF is turned off and SNGFR is set to 30 nl/min. Since there is no transport of glucose beyond SFPST, glucose flow at that point can be identified as "excreted," and the pane of glucose flows (filtered and excreted) is the type of plot used for whole kidney data, but now at the single-nephron level. Regardless of the TGF status, glycosuria starts to appear around a concentration of 20 mM, and as blood glucose increases above that value, there is progressive natriuresis, i.e., osmotic diuresis.
[Of note, this threshold for glycosuria in the rat is about twice what one may be used to seeing in humans (45, 80) ]. At glucose concentrations below the threshold for glycosuria, there is a decrease in distal Na ϩ delivery with increasing glucose load, and this had been an early observation in models of proximal glucose transport (83) . What this model adds to that observation is that the perturbation in proximal Na ϩ reabsorption driven by subthreshold changes in glucose concentration appears to be adequate to activate TGF. Specifically, the 24% increase in SNGFR with hyperglycemia (33-41 nl/ min) could be a substantial contribution to diabetic hyperfiltration. It should also be noted that with hyperglycemia and osmotic diuresis, the impact of TGF is to decrease filtered glucose and to decreases the distal Na ϩ flow, i.e., to limit natriuresis. Finally, the glucose-induced changes in luminal flow perturb luminal pressures in parallel. Comparing left and right pressure curves, the impact of TGF is homeostatic for proximal tubule pressures (minimal to maximal excursion of 12 mmHg compared with 24 mmHg).
The scope of the present model, with both PCT and PST in series, allows for simulation of specific inhibition of SGLT2, while preserving SGLT1 activity, and that is undertaken in Fig. 10 , using the superficial nephron model. In this model, which uses linear nonequilibrium thermodynamic representations of the two glucose transporters, transporter inhibition is represented through variation of the single coefficient for transporter density. Thus, in the curves of Fig. 10 , the abscissa is the fractional density of SGLT2, ranging from 1 to 20% of baseline. In the panes on the left, ambient glucose is 5 mM, and on the right 10 mM. With 5 mM glucose, glycosuria appears only with Ͼ85% inhibition. At 10% transporter activity, about 85% of the filtered glucose is reabsorbed, and at 1% transporter activity, ϳ40% of the filtered glucose (55 pmol/min) is reabsorbed. With 10 mM glucose, there is glycosuria at all of the transporter densities plotted. At 10% transporter activity, about 50% of the filtered glucose is reabsorbed, and at 1% transporter activity, about 25% of the filtered glucose (70 pmol/min) is reabsorbed. Thus PST glucose reabsorption can increase either with greater SGLT2 inhibition or a higher concentration of filtered glucose. It would seem challenging to derive an experimental estimate for SGLT1 function in PST based on glucose excretion during SGLT2 inhibition. With respect to overall nephron function, the impact of SGLT2 inhibition is an increase in distal Na ϩ delivery and reduction of SNGFR.
DISCUSSION
The present work provides a number of additions and innovations to the existing library of kidney tubule models. The first of these is the creation of a set of juxtamedullary nephrons transporting multiple electrolytes. Here, the JMPCT has been realized essentially as a scaled-up version of SFPCT, with tight junctions modified so as to capture the paracellular permeabilities gleaned from microperfusion of rabbit tubules. The second addition is the creation of PST for each of these nephrons. The necessity of a distinct PST derives from its situation within the outer stripe of outer medulla, in which peritubular conditions are very different from the cortex. In this model, the PST have been represented as scaled-down versions of their respective PCT, while tight junction parameters are adjusted to reflect greater PST cation permeability. The exception to simple cellular scaling has been distinguishing glucose transporters in the two proximal nephron segments, which have different Na ϩ stoichiometry, and which may be subject to different inhibitors. The third new feature is representation of electrolyte transport within the thin limbs: sDHL for the superficial nephrons, and lDHLu, lDHLl, and tAHL for the juxtamedullary nephrons. NaCl and urea transport by these segments has been a longtime feature of medullary models of the urine concentrating mechanism; what has been added here is the capability of simulating K ϩ and NH 4 ϩ fluxes. Solution of the proximal tubules in series with the thin limbs has provided the first model estimate of electrolyte concentrations entering thick AHL. A fourth new feature of this model has been identification of the TGF signal with late AHL cytosolic Cl Ϫ concentration, and this takes advantage of the model scope, which solves for tubule epithelial cell concentrations. The fifth innovation has been solving for tubule hydrostatic pressures in accordance with changes in end-tubule flow. This has been the most difficult of the new features, in light of the fact that the small exiting flow (relative to SNGFR) can impact proximal tubule pressure, and thus the degree of proximal tubule distention. Because tubule flow velocity is critical to the GTB signal, changes in the tubule cross section can impact distal delivery, so that a small downstream signal can have a substantial upstream effect.
Many of the tubule parameters introduced in this model are far from secure, and part of this uncertainty derives from the reliance on thin limb permeabilities measured in the hamster kidney. However, when rat and hamster tubules have been compared, they are similar: sDHL K ϩ :Na ϩ permeability ratios of rat and hamster are 1.7 and 1.6; lDHLu K ϩ :Na ϩ ratios are 1.3 and 1.2; sDHL Cl Ϫ :Na ϩ permeability ratios of rat and hamster are 1.6 and 1.5; and lDHLu Cl Ϫ :Na ϩ ratios are 0.20 and 0.25, respectively (27) . In thin ascending limbs, rat tubule permeabilities for Na (29) . With respect to water permeabilities, there are comparisons between rat and hamster available for lDHLu, which in the hamster is 0.34 cm/s (29) , and in the rat 0.22 cm/s (26) . In the hamster, lDHLl water permeability is comparable to that of lDHLu, 0.33 cm/s (29), but whether the similarity holds in the rat has been called into question (see below). Uncertainty of thin limb parameters has been an issue for everyone who has modeled the renal medulla of the rat over the past three decades. Table 5 displays thin limb permeabilities for several medullary models; for the nonelectrolyte models (with solutes NaCl and urea), the NaCl permeabilities appear in the section for h(Na). All of these models have relied on the data from the Imai lab, which appeared in the model of Taniguchi et al. (73) . In a comparison of the present model with the recent model of Layton (41), notable differences are in the lDHLl Na ϩ and urea permeabilities, which in this model are closer to those of Taniguchi et al. (73) . Nevertheless, the urea permeability in this model is still sufficient for near complete equilibration of tubule fluid and interstitial urea concentrations by the transition from tAHL to AHLm (Fig. 3) .
Recent examination of thin limbs from the rat kidney has suggested that the lower segments of long-looped DHL (lDHLl in this model) have vanishingly small water permeability, and Fig. 6 ; the bottom left pane, "Delta GFR" is the difference SNGFR Ϫ Fv0.
indeed fail to stain for aquaporin-1 (55). Those findings have prompted consideration of a long JM nephron in which the lDHLl water permeability has been set to 10% of its baseline value. [The only other parameter change is reduction of ⍀ DN from 0.10 to 0.085 mmHg/(pl/s) to accommodate the increase in distal flow.] The results from that parameter change appear in Table 6 , which may be compared with the baseline segmental fluxes of Table 4d . The most notable difference between the two nephrons is Na ϩ transport: for baseline parameters, Na ϩ reabsorption within lDHLl is 13% of filtered load, but with diminished water reabsorption, this falls to 6%. When tAHL reabsorption is included, total inner medullary Na ϩ fluxes are 15 and 10% of filtered load, respectively. At the macula densa, baseline volume flow is 5.2 nl/min, with Na ϩ concentration 66 mM (3% of filtered load), and with reduced lDHLl Pf, volume flow increases to 6.7 nl/min, with Na ϩ 88 mM (7% of filtered load). The impact of increased volume flow is greater urea delivery, increasing from 102% of filtered load to 177% at low lDHLl Pf. The transport differences between the parameter sets diminish in the shorter JM nephrons, so that from the perspective of whole kidney fluid and electrolyte transport, the impact of low lDHLl Pf should not be large. Nevertheless, prediction of decreased IM Na ϩ reabsorption and increased urea removal from deep IM would be predicted to limit the renal concentrating ability.
Estimating the strength of the TGF feedback signal has been an experimental challenge. This derives from the fact that there are two homeostatic mechanisms in series, TGF and GTB, both of which act to limit perturbations of proximal tubule flow. The earliest approaches opened the system, perfusing late proximal tubule to demonstrate an impact on SNGFR. Such studies could not estimate the overall control afforded by the two mechanisms together, and the experimental approach explicitly disengaged tubular pressure from the control process. Several groups have been able to interrogate closed-system behavior by perturbing proximal flow with a defined addition or subtraction of fluid, and quantifying the overall change in proximal flow. The closed-system analysis of Holstein-Rathlou (23) sets this out clearly. He envisioned an experiment in which a proximal input of fluid by amount dI would be offset by an amount proportional to the change in late proximal flow, dQ LP , and thus he defined the open-loop gain, OLG, of the entire system by the equation (25) Explicitly, the correction term is represented by the sequential changes in SNGFR (TGF) and absolute proximal reabsorption (GTB). From the right side of these equalities, HolsteinRathlou expressed the OLG as a the product of the TGF signal and the strength of GTB: In Holstein-Rathlou's experiments (23), OLG was 3.1, so that for perfect GTB with a constant reabsorption of 60% of filtered load, the sensitivity of SNGFR to changes in Q LP would have to be about 8. Other studies have produced lower estimates for the sensitivity of SNGFR to changes in proximal flow. Haberle and Davis (22) found that at baseline, late-proximal flow is 9.5 nl/min (60% of SNGFR), with proximal pressure at 13.1 mmHg. Using proximal pressure as an indirect marker of flow, they estimated that the closed system provided 60% compensation for flow perturbations (change in late-proximal flow, relative to microinjected input), or an OLG of 0.7 (Eq. 25).
Moore and Mason (51) documented baseline SNGFR of 29.6 nl/min, proximal hydrostatic pressure of 13.0 mmHg, and early distal flow of 7.2 nl/min. With perturbation of proximal flow, the SNGFR change was about 1.3-fold greater than the change in delivery to the macula densa. Using a video microscopy technique similar to that of Holstein-Rathlou, Thomson and Blantz (75) found that proximal compensation to an input flow was about 60%, and estimated that decreases in SNGFR were about threefold greater than increases in late-proximal flow.
Although the model calculations of this paper do not simulate the exact microperfusion experiments, which have been the mainstay of TGF investigations, the calculations of Fig. 5 do provide the information necessary to estimate the magnitude of the TGF response. At baseline, the superficial nephron SNGFR is 32.7 nl/min, end-proximal flow is 12.8 nl/min, and end-AHL flow is 5.3 nl/min. When proximal reabsorption is scaled (near the baseline operating point), the change in SNGFR relative to the change in late proximal tubule flow is about 2.5; relative to the change in end-AHL flow, the ratio is about 4.0. Thus the strength of TGF in this model is most near to that of Thomson and Blantz (75) ; it is about threefold higher than the observation of Moore and Mason (51) , and about one-third of the estimate from Holstein-Rathlou (23) . Under baseline conditions in the model superficial nephron, early proximal tubule hydrostatic pressure is 14.8 mmHg, end-proximal hydrostatic pressure is 11.6 mmHg, and the pressure at the macula densa is 10.7 mmHg, so that the "loop of Henle" pressure drop can be anywhere from 4.1 to 0.9 mmHg, depending upon where along the PT the pressure is sampled. Thomson and Blantz (75) reported proximal tubule pressures, which reflected the animal's state of hydration: 12.8 mmHg in "hydropenic" rats, and 16.7 mmHg in "euvolemic" rats. For these groups, the change in proximal tubule hydrostatic pressure was about 0.10 -0.12 mmHg/(nl/min) with microinjection from the tubule perfusion pipette. If it were the case that the PCT reabsorbed 60% of that perfusion solution, then the change in late PT 14.
16. ratio of the baseline pressure and flow, but it is higher than that found during microperfusion by Thomson and Blantz. It is possible that in microperfusion of a single nephron there is more tubule compliance (and a lower pressure drop) than when flow changes in all proximal tubules. Baines and coworkers (1, 2) were first to model pressure and flow around the rat loop of Henle, and did fashion compliant medullary tubules. Of note, their LOH is composed of a 5-mm segment of PT, and an additional 2-mm early distal segment, so that its total length is 13 mm compared with the 6-mm distance from PST to macula densa in this model. With these differences noted, the baseline hydrodynamic estimates from the two models are comparable. Using a loop perfusion rate of 18 nl/min, their LOH pressure drop is about 1.9 mmHg with a transit time of about 30 s; in this model, mid-proximal flow is 20 nl/min, mid-proximal pressure is 12.7 mmHg (LOH drop of 2.1 mmHg), and the transit time 2 mm beyond the MD is about 27 s. Baines et al. (2) were able to capture pressure-flow relationships under a variety of experimental maneuvers but had difficulty rationalizing observed changes in LOH solute transport with changes in flow. The hypothesis they proposed was that tubule solute permeabilities might increase with tubule radius, but that has not been verified experimentally. Taniguchi (1987) Stephenson ( In the model of this paper, only SFPCT and JMPCT have been assigned a compliance. Tubule compliance appears in model equations for time-dependent behavior, or when steadystate tubule transport is a function of tubule dimensions. In this steady-state model, only the velocity-dependent transport of PCT is directly affected by tubule compliance. The magnitude of SFPCT compliance was as previously selected (88) , and that value had been based on the studies of Cortell et al. (15) and Jensen and Steven (35) ; JMPCT compliance was taken slightly larger, so as to optimize GTB for that segment. In these model tubules, pressure-dependent changes in tubule radius impact axial flow velocity in a straightforward way: A 5% increase in radius yields a 10% increase in tubule cross section, and thus a 10% decrease in axial velocity; by virtue of the velocitydependent PCT transporter density intrinsic to GTB, this provides a 10% decrease in transcellular fluxes. In situations when there is an increase in proximal flow and an increase in distal delivery, both TGF and GTB act in concert to reduce distal flow, while the effect of tubule compliance is to decrease proximal reabsorption, and thus blunt those two control mechanisms. The impact of PCT compliance may be less maladaptive in circumstances in which there is high luminal pressure and low flow, as in a tubule obstructed by cellular debris or crystal deposition. In his analysis of TGF, Holstein-Rathlou (23) The scope of the present model, from PCT to macula densa, provides predictions of solute delivery to AHL and to DCT. In Table 7 , columns 1, 2, and 4 are flows taken from Table 4a , entering SFPCT, entering AHLm, and delivered to DCT; column 6 is the fractional DCT delivery. With respect to AHL, initial tubule flows in vivo are not amenable to experimental determination, so that for the prior AHL model, the initial conditions had been estimated (86) . Column 3 of Table 7 contains those estimates, for comparison with the predictions of the model here, and all are close. With respect to DCT, columns 6 and 7 have been abstracted from the summary of distal micropuncture data, which appeared as an appendix in Weinstein (85) . The broad range of values of solute flows may reflect the variety of micropuncture conditions, which had been employed among the different laboratories. In particular, values reported for DCT Na ϩ delivery in a number of studies are higher than values for Cl Ϫ delivery measured in other studies; in the model tubule, Cl Ϫ delivery must approximate the Na ϩ flow. The predictions from the current work for fractional deliveries are mostly consistent with measured values, except for urea, which is lower. This suggests that outer medullary urea may be higher than the 5-to 20-mM gradient assumed in Table 3 . The fractional urea delivery from JM nephrons does range from 100 to 150% of filtered load (Table 4 , b-d). While absolute delivery of titratable acid is close to measured values, the delivered load of NH 4 ϩ is low. That problem had been confronted in the AHL model and was due to NH 4 ϩ reabsorption via NKCC (86) . In that model, distal NH 4 ϩ delivery was buttressed by assuming that peritubular NH 4 ϩ was higher in cortical labyrinths compared with other cortical venous blood. That provided the rationale for the two sets of cortical blood concentrations, which appear in the current model in the boundary conditions of Table 3 . The persisting discrepancy in distal NH 4 ϩ delivery could be resolved with either a higher cortical labyrinth NH 4 ϩ concentration, or a decrease in AHLc luminal NH 4 ϩ uptake, but there is little basis to choose between these two possibilities.
Prior PCT models (83) had demonstrated that up to a certain point, provision of additional glucose increases PCT Na ϩ reabsorption; only above the point at which glycosuria appears (about 20 mM glucose) does PCT Na ϩ reabsorption start to fall, and osmotic diuresis ensue. The most direct experimental evidence supporting this picture comes from proximal microperfusion in the rat, where an increase in luminal glucose Table 4a , entering SFPCT, entering AHLm, and delivered to DCT; column 6 is fractional DCT delivery (FD; ratio of columns 4 and 1). Column 3 is the entering AHLm flow, which had been previously estimated, and appeared in Table 3 of Weinstein 2010. Column 7 is from the summary of distal micropuncture data, which appeared as an appendix in Weinstein 2005. from 100 to 300 mg/dl increased Na ϩ reabsorption, but a further increase from 300 to 500 mg/dl produced no further increase (3). In the intact dog, glucose infusion, which raised plasma glucose to 10 mM, produced a fall in the fractional excretion of Na ϩ , although this effect could not be attributed with certainty to proximal tubule, and may have been a distal effect of increased insulin levels (16) . What the present work adds to that picture is the observation that the increase in luminal Na ϩ reabsorption with hyperglycemia is indeed sufficient to trigger TGF, and produce substantial hyperfiltration. Vallon and coworkers (78, 79) have advanced the hypothesis that glomerular hyperfiltration in the diabetic kidney is the result of a primary increase in proximal Na ϩ reabsorption, with secondary TGF activation. The pathophysiology underlying increased PCT Na ϩ reabsorption is uncertain. Vallon (78) has suggested that oxidative cell stress (due to episodic hyperglycemia) may increase PCT transport. Alternatively, deficiency of the (tonic) natriuretic dopamine signal in PCT has been demonstrated in diabetes, perhaps due to defective dopamine generation (69), or perhaps due to decreased dopamine receptor activity (49, 52) . What the model adds to the discussion is the possibility of a simple biophysical effect of glucose to drive transport via SGLT2, and consequently, to highlight the possibility that provision of an SGLT2 inhibitor may directly target the pathophysiology of hyperfiltration. The effect of SGLT2 inhibition to decrease glomerular filtration may be seen by comparing the SNGFR values in Fig. 10 with those of Fig.  9 . It must be acknowledged that much of the complexity of SGLT2 inhibition is not captured in the present model. The phlorizin-like inhibitors now in clinical use are competitive, so that their effectiveness will be altered by changes in luminal flow and luminal glucose concentration. Between this pharmacodynamic detail and the uncertainty inherent in assigning PST density of SGLT1, the model calculations of Fig. 10 cannot claim to be secure in estimating the glycosuric effect of SGLT2 inhibitors. Nevertheless, Rieg et al. (61) reported that with chronic empagliflozin administration to mice, fractional glucose reabsorption was about 45-50%. With reference to the calculations of this model (Fig. 10) , under euglycemic conditions (5 mM), fractional glucose reabsorption goes from 40 to 50%, as SGLT2 activity goes from 1 to 3%; extrapolation of those data to zero SGLT2 activity yields fractional reabsorption of 35%.
In sum, the prior mathematical models of proximal convoluted tubule and thick ascending limbs have now been connected with a proximal straight tubule and thin limbs, for both superficial and juxtamedullary nephrons. What makes this more than a simple concatenation of segments is the fact that TGF modulates proximal tubule inlet flow, and distal pressure determines proximal pressure. By virtue of the flow and pressure determinants of GTB, these distal events modulate proximal tubule transport. In this model, the TGF signal has been identified with late AHL cell Cl Ϫ concentration, but the signal target is SNGFR directly, and a glomerular simulation has not been included. Model calculations capture the inner medullary countercurrent flux of urea, and also an outer medullary countercurrent flux of ammonia. For a realistically strong TGF signal, there is the expected homeostatic impact on distal flows, and in addition, a homeostatic effect on proximal tubule pressure. By virtue of proximal tubule compliance, increases in proximal pressure can act to augment distal delivery. Glycosuric threshold of the model SFPCT had been tuned to be compatible with rat data, and in the present model, with PCT and PST in series, predicted glucose excretion with selective SGLT2 inhibition comports with observations in the mouse. Model calculations suggest that enhanced proximal tubule Na ϩ reabsorption during hyperglycemia is sufficient to activate TGF, and produce hyperfiltration.
GRANTS
This investigation was supported by Public Health Service Grant R01-DK-29857 from the National Institute of Arthritis, Diabetes, and Digestive, and Kidney Diseases.
DISCLOSURES
No conflicts of interest, financial or otherwise, are declared by the author. 
AUTHOR CONTRIBUTIONS
